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Abstract

:

The Pantanal biome integrates the lowlands of the Upper Paraguay Basin (UPB), which is hydrologically connected to the biomes of the Cerrado and Amazon (the highlands of the UPB). The effects of recent land-cover and land-use (LCLU) changes in the highlands, combined with climate change, are still poorly understood in this region. Here, we investigate the effects of soil erosion in the Brazilian Pantanal under climate and LCLU changes by combining different scenarios of projected rainfall erosivity and land-cover management. We compute the average annual soil erosion for the baseline (2012) and projected scenarios for 2020, 2035, and 2050. For the worst scenario, we noted an increase in soil loss of up to 100% from 2012 to 2050, associated with cropland expansion in some parts of the highlands. Furthermore, for the same period, our results indicated an increase of 20 to 40% in soil loss in parts of the Pantanal biome, which was associated with farmland increase (mainly for livestock) in the lowlands. Therefore, to ensure water, food, energy, and ecosystem service security over the next decades in the whole UPB, robust and comprehensive planning measures need to be developed, especially for the most impacted areas found in our study.
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1. Introduction


The Pantanal biome (lowlands) is one of the largest wetlands in the world [1]; however, this biome has been affected by intense land-cover and land-use (LCLU) changes that have taken place mainly in the highlands (Amazon and Cerrado biomes) of the Upper Paraguay Basin (UPB). This is happening because there is an interconnection between the highlands and lowlands in the UPB. For instance, during the rainy season, the Pantanal serves as a large reservoir that stores water from the surrounding plateaus, and subsequently, slowly delivers it to the lower sections of the Paraguay River. Therefore, water erosion processes are dependent on hydrological and climatic conditions, and can affect local ecology and the socioeconomic relationships of the basin [2].



The Cerrado biome (highlands) distributes fresh water to the largest basins in Brazil and South America, including São Francisco, Tocantins, Paraná, and Paraguay [3]. In this context, the Cerrado is the major producer of water and sediment, which are transported towards the Pantanal. However, human activities (e.g., agriculture intensification, industries, and hydropower plants) have accelerated the erosive processes, mainly through the removal of vegetation cover, soil exposure, and the transport of organic matter and fine particles such as silt and clay. LCLU without planning in the highlands might indicate the onset of decreases in water-food-energy security in the UPB as a probable response to soil erosion increases in the Cerrado and Amazon biomes. Certainly, such changes have significant consequences for the Pantanal, mainly because of sediment delivery and the loss of the soil fertile layer.



Soil erosion can also be affected by climate changes [4]. Changes in temperature and precipitation patterns impact plant biomass production, infiltration rates, soil moisture, land use, and crop management [5]. Therefore, one of the greatest challenges for Brazil is to reconcile environmental conservation with food-energy production and to simultaneously maintain ecosystem services, even under a changing climate [6]. However, to the best of our knowledge, no investigation has been carried out about the effects of climate and LCLU changes on soil erosion across the UPB. Some studies have generally evaluated rainfall seasonality and its effects on the Pantanal [2,7,8]. Another study analyzed the effects of highland land-use over the Brazilian Pantanal, and concluded that such land use already posed a real threat due to the advancement of agroecosystems in the highlands resulting in higher inputs of water, sediment, and nutrients to the Pantanal lowlands [9].



The objective of this study is to investigate the effects of soil erosion across the UPB under climate and LCLU changes. To compute the average annual soil erosion, we used the Revised Universal Soil Loss Equation (RUSLE). RUSLE is the revised version of the Universal Soil Loss Equation (USLE) [10], and is the most widely-used soil erosion model in the world [11]. This model is composed of six factors that make it possible to estimate the average annual soil loss: rainfall erosivity factor (R); soil erodibility factor (K); slope length factor (L); slope steepness factor (S); land cover and management factor (C); and conservation practices factor (P). Although there are some physical-based soil erosion models, such as the Water Erosion Prediction Model (WEPP) [12], the Limburg Soil Erosion Model (LISEM) [13], and the European Soil Erosion Model (EUROSEM) [14], the RUSLE has been considered a useful and efficient, simple tool because it can represent the spatial distribution of soil loss in large areas with the use of data that can be obtained by remote sensing [11,15]. We used an R-factor obtained from precipitation data from the Eta regional climate model (Eta/HadGEM2-ES and Eta/MIROC5, RCP 4.5 and 8.5) and LCLU maps (reference and low carbon scenarios) from the OTIMIZAGRO model to estimate the C-factor. We computed soil erosion for the baseline (2012) and projected scenarios for 2020, 2035, and 2050. Then, we evaluated the areas that would be most impacted by erosion under climate and LCLU projections.




2. Materials and Methods


2.1. Study Area


The study area is the Upper Paraguay Basin (UPB), a tributary basin of the Paraguay river basin. The UPB lies within the states of Mato Grosso and Mato Grosso do Sul, covering a total area of 362,380 km2 (Figure 1). The UPB has two main relief types, i.e., highlands above 200 m altitude, reaching ~1100 m, located in the Cerrado (50% of total area) and Amazon (8%) biomes, and lowlands, with elevation ranges from sea level to up to 200 m, located in the Pantanal biome (42%). The predominant climate in the UPB according to the Köppen climate classification system is Aw, i.e., a Savanna Climate, with average temperatures ranging from 22.5 to 26.5 °C [16]. The average annual precipitation ranges from 800 mm to 2000 mm, with well-defined rainy (October to March) and dry (April to September) seasons. The lower values of average annual precipitation (below 800 through 1200 mm) occur in the region of the lowlands (Pantanal). The highest average annual precipitation (> 1200 mm) is in the northwest, in the border of the Cerrado and the Amazon Forest biomes.



The Brazilian Savanna (Cerrado) is the second-largest biome in South America (covering 22% of the total area of Brazil), and is also one of 25 global biodiversity hotspots [17]. This biome plays an important role in water-food-energy supply in Brazil [3,18]; however, undisturbed areas of the Cerrado have been replaced by farmland over recent decades [19,20]. On the other hand, the Amazon biome is the largest Brazilian biome, and although it is included in only a small portion of the UPB, it is an important region in Brazil. While this biome is well preserved and has a seen reductions in deforestation due to increased forest governance, it still has millions of native forests that could be legally deforested, undesignated land that can be exploited, as well as areas that are subject to continued illegal deforestation where many owners have not restored them [21,22].




2.2. Study Delineation


The USLE and the Revised USLE (RUSLE) are the most widely-applied soil erosion prediction models for a variety of purposes [23]. We chose the RUSLE model due to the flexibility of adapting it to nearly every kind of condition and region around the world [24], as well as the possibility of obtaining factors from remote sensing [25,26,27].



Figure 2 shows the study delineation. First, we used rainfall erosivity (R-factor) estimated from precipitation data from the Eta regional climate model, nested in two Global Climate Models (GCM) forced by two Representative Concentration Pathways (RCPs) (Eta/HadGEM2-ES and Eta/MIROC5, RCP 4.5 and 8.5) [28], as well as land-use and land-cover change (LCLU) projections (reference and low carbon scenarios) from the OTIMIZAGRO model [6] to estimate land cover and management factors (C-factor) (Section 2.2.1). The study was carried out using a control period of soil loss that we call “baseline” (for R-factor: 1961–2005; for C-factor: 2012), and a simulation of future scenarios of soil loss (for R-factor: 2007-2070; for C-factor: 2020, 2035 and 2050) that we refer to as projected scenarios (Figure 2). The other four RUSLE factors (K, L, S, and P) were generated and kept constant in all the soil loss scenarios (Section 2.2.2). Finally, we evaluated the areas which were likely to be most impacted by soil erosion in the UPB (Section 2.2.3).



2.2.1. Computing the R- and C-Factors


We used rainfall erosivity (R-factor) values obtained from a reliable study by Almagro et al. [28], carried out using high-resolution data available for Brazil. The authors computed the R-factor using bias-corrected rainfall data for 1961–2005 and projected the periods of 2007–2040, 2041–2070, and 2071–2099 across Brazil. The data come from downscaled data based on the Hadley Center Global Environment Model, version 2 (Eta/HadGEM2-ES) and the Model for Interdisciplinary Research on Climate, version 5 (Eta/MIROC5), forced by Representative Concentration Pathways 4.5 and 8.5. The RCP 4.5 is a medium-low stabilization scenario of the concentration of CO2, while RCP 8.5 is the scenario with the highest greenhouse gas emissions. They validated their findings from observed local R-factor values, obtaining suitable performance values of R2, RMSE, NSE of 0.85, 1,999 MJ mm ha−1 h−1 yr−1, 0.66, respectively for Eta/HadGEM2-ES and 0.99, 2,075 MJ mm ha−1 h−1 yr−1, 0.63, respectively for Eta/MIROC5 [28].



We estimated C-factor values based on experimental plots [29] and then attributed these values to the land-cover and land-use (LCLU) classes developed by Soares-Filho et al. [6,30] (see Figure 3c). The projections of LCLU changes are based on the contribution of agriculture, forestry, and other land use (AFOLU) activities to Greenhouse Gas Emissions (GHG). In these projections, two scenarios are considered. The first is called the reference (REF) scenario and is characterized by the development of AFOLU activities without significant changes in their trajectory. The second, the low carbon (LC) scenario, includes technically possible mitigation measures to be implemented, and considers the transition towards lower carbon intensity practices for the activities.




2.2.2. Computing Four Other RUSLE Factors


We obtained K-factor values from local studies conducted in different Brazilian soil types and attributed these values to the soil class map developed for the UPB [31], classified according to the World Reference Base (WRB), the international standard for soil classification, endorsed by the International Union of Soil Sciences [32] (see Table 1).



Figure 3a shows the soil types (K-factor values for each soil are presented in Table 1) found in the UPB, where we noted that the highest values are in Podzols and Arenosols, respectively. These soils have many particles (sand and silt) that are easily detached and carried away. The erodibility of Acrisols is 0.0466 t h MJ−1 mm−1, corresponding to 16% of the total area, located mainly in the highlands and on the border between the biomes (Cerrado-Pantanal). In general, well-drained soils with high clay contents and which are rich in nutrients (e.g. Acrisols, Ferralsols, Nitisols) have lower erodibility values and are the most attractive areas for croplands [38].



We computed the LS-factor using a Digital Elevation Model (DEM) with 90 m spatial resolution based on a vegetation correction of the Shuttle Radar Topography Mission (SRTM) [39], so-called Bare-Earth SRTM developed from O’ Loughlin et al. [40]. The LS-factor is computed for each pixel of the DEM, where the L-factor is expressed as Desmet and Govers [41]:


   L  i j − i n   =    [     (   A  i j − i n   +  D 2   )    m + 1   −    A  i j − i n      m + 1    ]     (   D  m + 2    )  ×  (   x  i j  m   )  ×  (    22.13  m   )     



(1)




where    L  i j − i n     =    slope length for grid cell (  i , j  ),     A  i j − i n     =   contributing area at the inlet of the grid cell with coordinates (  i , j  ) (m2),    D   =   grid cell size (m),    m   =   length exponent of the USLE L-factor,     x  i j     =   (  sin  α  i , j   +   cos  α  i , j    ),    α  i , j     = aspect direction for the grid cell with coordinates (  i , j  ). In the RUSLE, (m) varies according to the ratio of the rill and inter-rill erosion (β).


  m = β /  (  1 + β  )   



(2)




where β varies according to the slope gradient [42]. The β value is obtained by:


  β =  (    sin θ   0.0896    )  /  [  3    (  sin θ  )    0.8   + 0.56  ]   



(3)







The slope steepness (S) was calculated following McCool et al. [43].


  S = 10.8 sin θ + 0.03   (  S    <   9 % )  



(4)






  S = 16.8 sin θ − 0.50    (   S    ≥   9 %  )   



(5)




where θ is the slope in degrees.



The mean LS-factor of 1.67± 4.6 is in agreement with that reported by Galdino [44], who found a mean value of 1.27 ± 3.10 for the UPB. This slight difference may have occurred because we used an improved DEM where the vegetation effect in the SRTM data had been removed [40]. We noted that the lowest LS-factors are located in the Pantanal and the highest in the borders of the UPB, mainly in the Cerrado, which presents the highest elevation (> 500 m) (Figure 3b). There are also high LS-factor values in some plateau areas, such as in “Serra da Bodoquena”, “Morro do Urucum”, and “Serra do Amolar” (Mato Grosso do Sul State). LS-factor values lower than 1 were found in 55% of the UPB, mainly in areas located in the Pantanal.



Figure 3c shows the distribution of the C-factor in the studied basin according to the land covers: water (0); savanna and forest (0.013); pasture (0.02); planted forest (0.03); urban area (0.03); agriculture (0.14); and regeneration (0.02). The highest C-factor values are predominantly in the eastern UPB, where there is a predominance of agriculture in the Cerrado and Amazon biomes. Finally, we assigned a value of 1 to the P-factor considering the non-existence of conservation practices in the study area.




2.2.3. Soil Erosion Simulations


To estimate the average annual soil loss in the UPB, we used the Revised Universal Soil Loss Equation (RUSLE) [45] implemented in the GISus-M [46] on the 250 × 250 m grid cell basis. All six RUSLE factors were computed considering the local/regional characteristics (Equation (1)):


  A   =   R ×   K   ×   L S × C ×   P  



(6)




where  A : average annual soil loss (t ha−1 yr−1),  R : rainfall erosivity factor (MJ mm ha−1 h−1 yr−1),  K : soil erodibility factor (t h MJ−1 mm−1)  , L S  : topographic factor (dimensionless),  C : land cover and management factor (dimensionless), and  P : conservation practice factor (dimensionless).



To simulate scenarios of average annual soil loss, we varied the R and C factors of the RUSLE. In total, 24 soil loss projections were generated, combining baseline scenarios with each other and R-factors projected (RCP 8.5 and RCP 4.5; periods 2012–2050) with C-factors projected (REF and LC; periods 2020, 2035, and 2050) by the other RUSLE factors (Table 2). In this paper, we focus our discussion on the three best and worst combination scenarios for soil erosion.



To understand the effects of the R- and C-factor changes in the soil erosion between periods baseline and projected, we compute the percent change of the soil erosion caused by each projected period (Equation (6)).


  Δ V  A i  =    R  i + 1     × K × L S ×    C  i + 1   × P   −    R i    × K × L S ×    C i  × P    R i    × K × L S ×    C i  × P    



(7)




where   Δ V  A i    is the percent change of the soil erosion for each projected period;    R i    and    C i    are the R-factor and C-factor, respectively; and  i  refers to the years projected: 2020, 2035, and 2050.






3. Results and Discussion


3.1. RUSLE Factors


Table 3 shows the rainfall erosivity (R-factor) for the baseline and projection periods in the Upper Paraguay Basin (UPB). Our findings corroborate the range of R-factor values reported by previous studies in the Central-West region of Brazil [28,47]. We noted the highest R-factor values in the eastern and central part (highlands), while the lowest values are in the western part (lowlands) of the UPB (Figure 4). We found that the Eta/HadGEM2-ES model presents lower values than the Eta/MIROC5 for both RCPs 4.5 and 8.5 scenarios.



The highest values of erosivity were found in the central and southeastern parts of the UPB, specifically, in the regions of the Pantanal and Cerrado (Figure 4). The highest R-factor values (~8,000 MJ mm ha−1 h−1 yr−1) were highlighted in red in all the projections. The lowest values were attained for Eta/HadGEM2-ES in the north of the basin (see Figure 4a). We noted an average decrease in the R-factor across the UPB comparing the baseline and projected periods. This was due to the fact that the used regional climate model projections generated a decrease in rainfall, and consequently, in the R-factor (see Almagro et al. [28]). However, it is important to note that there are R-factor estimates within the UPB with higher values than those found in most parts of the world [48]. High soil erosion values are associated with the high intensity, duration, and frequency of precipitation found in this region [49].



Figure 5 shows land-cover and land-use changes in the UPB for the baseline (2012) and projections based on reference (b, c, and d) and low carbon (e, f, and g) scenarios for 2020, 2035, and 2050.




3.2. Average Annual Soil Loss Estimation


We estimated the average annual soil loss from the RUSLE model on 250x250 m grid cell basis for the UPB. The average soil loss baseline obtained from the reference scenario (REF) combined with the Eta/HadGEM2-ES and Eta/MIROC5 baseline models were 18.52 ± 61 t ha−1 yr−1 and 19.42 ± 39 t ha−1 yr−1, respectively. In a global study, Sartori et al. [50] reported that the highest productivity losses occurred in areas with average annual soil losses greater than 11 t ha−1 yr−1. Therefore, our results indicate that there is a high level of soil erosion in the UPB that led to losses in agricultural productivity and ecosystem services in this region.



Projections of 2020, 2035, and 2050 show the lowest average soil loss derived from the Eta/HadGEM2-ES model combined with the low carbon (LC) scenario of LCLU, while the greatest average soil loss estimates are the combination between the Eta/MIROC5 model and reference (REF) scenario of LCLU (Table 4). We noted that the low carbon scenario, considered to be a more optimistic scenario, is associated with the best scenarios (Table 4a), i.e. low average soil loss, while the reference scenario was associated with the worst scenarios (Table 4b).



We found the best scenario for 2050 using the RCP 8.5, that should present the worst scenario, mainly because this is the most pessimistic climate-change scenario, with an average warming at the end of the 21st century of approximately 4 °C. However, the RCP 8.5 scenario from both Eta/HadGEM2- ES and Eta/MIROC5 showed a significant decrease in rainfall for the studied region, and consequently, a reduction in rainfall erosivity, as discussed in Almagro et al. [28]. Therefore, we noted the highest values of rainfall erosivity and soil loss by using the RCP 4.5 in the UPB.



Marengo et al. [2] reported that the average annual temperature in the Pantanal may rise by 2–3 °C in 2040. Although there are uncertainties in the projections, the models indicate that this increase in temperature may cause a reduction in rainfall in this region, especially during the winter [2]. The reduction in rainfall amounts can also occur due to deforestation in the Amazon. Reduced moisture fluxes on the Amazon surface have the potential to decrease moisture transfer to the southeast and south of Brazil, and to areas such as the Pantanal and the Chaco, Bolivia, Paraguay, and Argentina [51]. A recent study by Bergier et al. [7] reinforces the importance of the Amazon rainforest in redistributing water in South America. They explain that deforestation can delay the rainfall in southern Amazonia, causing implications in the tropospheric transfer of moisture, which can critically affect the water security of the Pantanal wetland [8].



Our results indicate an increase in the average annual soil loss over time in the UPB (2020 to 2050). This happens mainly because the LCLU projections suggest an agriculture expansion in the highlands and bovine livestock intensification (using native and cultivated pasture) in the lowlands. These findings corroborate previous studies that have shown the effects of the expansion of agriculture on hydrological trade-offs [3,52,53] and soil erosion in the Brazilian Cerrado [29]. In the Pantanal, previous investigations have discussed government incentives for bovine livestock intensification [54,55]; however, for the first time, we have shown the consequences of this intensification on soil erosion across the UPB.




3.3. Impacts of Climate Change and Land-Cover and Land-Use Change (LCLU)


Figure 6 shows the relative variation of the average soil loss projected for 2020, 2035, and 2050, related to the baseline for the best and worst scenarios. For all cases, the greatest variations of soil loss (80 to 100%) are concentrated in the Cerrado and Amazon biomes (highlands). We found that this variation occurs mainly in areas of agriculture expansions. In the Pantanal biome, in general, the variation is up to 40% in all periods, despite the fact that there are some areas near the Amazon with a variation of 80 to 100%. However, this variation intensifies from 2035 to 2050 (see Figure 6e,f). On the other hand, there are negative variations concerning the baseline, indicating a possible reduction of soil erosion. Figure 6b shows a variation of −40 to −20% in the north of Pantanal and parts of the Cerrado, associated with the decreasing values in rainfall erosivity.



Despite finding the greatest soil erosion increase in the highlands, it is important to note that the on-site soil erosion effects that have occurred in the Cerrado and Amazon also have off-site effects on the dynamics of the Pantanal. Merten and Minella [49] evaluated different scenarios on soil and water conservation in Brazil, and concluded that the worst scenario would be the conversion of the Cerrado and the Amazon to agricultural land. This scenario could increase the total soil erosion in Brazil (currently about 800 million metric tons a year) by as much as 20%. Therefore, the soil erosion, and consequently, sediment yield increase in the Cerrado rivers, tend to lead to serious sedimentation problems in the Pantanal, generating socio-economic and environmental issues.



In the southern region of the UPB, there is a predominance of pasture lands, and the projections of LCLU have indicated an increase of forest being cleared for cattle grazing in forthcoming years in this region. In addition, we also noted an increase in soil loss in this region in the Municipalities of Bodoquena, Bonito, Jardim, and Porto Murtinho. These places include the National Park of Serra da Bodoquena, an important tourist center due to its hydrological and geological characteristics which are responsible for crystalline rivers, waterfalls, natural dams, and caves. However, it has become an attractive area for the mining industry, intensifying erosive processes and changing the quality of the local watercourses [56].



Another important variation of soil loss observed over the years of 2020, 2035, and 2050 is in the municipality of Corumbá, located in the central area of the Pantanal. The impacts of climate change and increasing numbers of people in urban areas place pressures on ecosystems, such as the loss and degradation of natural areas, soil sealing, and the densification of built-up areas, which present additional challenges for ecosystem exploration, the provision of ecosystem services, and human performance in all cities.



Among natural areas converted for anthropic use in 2014, 99% were converted to pasture; 0.6% to agriculture, and 0.4% to mining [57]. There are many mining activities in Corumbá that contribute to the country’s economy, e.g., the third largest iron ore mine in Brazil located near "Morro do Urucum", an important rock formation in the region [51]. However, these activities promote an increase in soil erosion and risks with sediments in dams. Mining dams reserve water containing environmentally-harmful mineral residues; when poorly managed, the rupture of a dam can have serious environmental impacts, such as what happened in Mariana and Brumadinho, Minas Gerais [52].



Our results indicated that the LCLU projections may have a greater influence on soil erosion than climate change in the UPB. These findings are in agreement with those of Anache et al. [58], which showed that LCLU influences soil loss rates in a significant way in tropical soils, but that soil erosion responses to climate change were not significant. Moreover, Simonneaux et al. [59] studied the effects of land use and climate change on soil erosion in a semi-arid basin, and showed that climate change alone increased sediment yield by 4.7 to 10.1%, and that land use changes could potentially induce much larger changes in erosion, i.e., up to 250%. Therefore, improving and intensifying the use of UPB soil and water conservation practices, and planning the use and occupation in an orderly manner, paying attention to the most sensitive areas found in this study, can minimize the effects on UPB soil erosion.



One way to ensure the sustainability of the food production system and to maintain ecosystem services in the Pantanal biome is linked to effective soil management, which requires a reduction in soil erosion rates [60,61]. Some examples of techniques to prevent or reduce soil erosion are no-tillage, contour farming, terraces, slope afforestation, crop residues, cover crops, and grass margins [17,55]. In addition, in Brazil, The New Forest Code is a potential tool for reducing deforestation. Although it is not effectively applied, it facilitates enforcement and gives landowners a pathway through which to restore or compensate for their “forest deficits” [9]. Furthermore, instruments such as payments for environmental services and economic-ecological zoning might control soil loss and increase water availability, as shown in Sone et al. [60].





4. Conclusions


In this paper, we computed soil erosion considering a baseline and projected scenarios of climate change and Land-Cover and Land-Use Change (LCLU) across the Upper Paraguay River Basin (UPB). The average soil loss for the baseline was of 18.52 ± 61 t ha−1 yr−1 and 19.42 ± 39 t ha−1 yr−1 for the Eta/HadGEM2-ES and Eta/MIROC5 models, respectively. Scenarios generated from the Eta/MIROC5 model (RCP 4.5 and 8.5), combined with LCLU model reference scenarios, show the highest average soil loss, and values increase over the time, while the combination of Eta/HadGEM-ES and low carbon presented lower average soil loss in the UPB.



The major projected increase in soil erosion for all the scenarios assessed is concentrated in highlands (Cerrado and Amazon biomes) of the UPB, mainly in regions with cropland increases (mainly soybean and maize). In these regions, for the worst scenario (a combination of Eta/MIROC5 -RCP 4.5 and a reference LCLU), the relative variation of the average soil erosion reaches up to 100% from 2012 to 2050. We also observed that the advance of pasture within the Pantanal biome will be intensified over the years, with a variation of 20 to 40% in soil loss.



It is necessary to maintain adequate land use management in the UPB so that future soil loss rates remain lower than the baseline estimates; this is a process that involves both farmers and decision makers. Soil and water conservation practices aimed at reducing deforestation, agroforestry, tillage management, and plant and water management are mitigation options. The presence of biomes with very different characteristics within the basin shows that the conservation of the UPB is fundamental to maintaining not only the ecosystem services provided by the Pantanal wetlands, but also the agricultural development of the Cerrado, and consequently, of the country.
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Figure 1. Location of the study area, highlighting the Amazon, Pantanal, and Cerrado biomes within the Upper Paraguay Basin. 
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Figure 2. Study delineation. Different scenarios of R- and C-factors were combined for the evaluation of potentially impacted areas trough the 21st century. R-factor represents rainfall erosivity and was generated from downscaled data from two GCM (HadGEM2-ES and MIROC5) forced by two emission scenarios (RCP 4.5 and RCP 8.5). C-factor indicates the land cover and management and we adopted two different scenarios: reference and low carbon emissions. 
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Figure 3. Spatial distribution of (a) soil types, (b) topographic factor (LS-factor) (dimensionless), and (c) land use and management factor (C-factor) (dimensionless) of the UPB. 
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Figure 4. Projected rainfall erosivity (R-factor in MJ mm ha−1 h−1 yr−1) for the UPB from (a) Eta/HadGEM2-ES RCP 4.5 (2012–2040); (b) Eta/HadGEM2-ES RCP 4.5 (2041–2050); (c) Eta/HadGEM2-ES RCP 8.5 (2012–2040); (d) Eta/HadGEM2-ES RCP 8.5 (2041–2050); (e) Eta/MIROC5 RCP 4.5 (2012–2040); (f) Eta/MIROC5 RCP 4.5 (2041–2050); (g) Eta/MIROC5 RCP 8.5 (2012–2040); and (h) Eta/MIROC5 RCP 8.5 (2041–2050). 
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Figure 5. Land use and management factor simulations for (a) baseline; Reference scenario in (b) 2020, (c) 2035, and (d) 2050; Low Carbon scenario in (e) 2020, (f) 2035, and (g) 2050. 






Figure 5. Land use and management factor simulations for (a) baseline; Reference scenario in (b) 2020, (c) 2035, and (d) 2050; Low Carbon scenario in (e) 2020, (f) 2035, and (g) 2050.



[image: Sustainability 11 07053 g005]







[image: Sustainability 11 07053 g006 550] 





Figure 6. Spatial distribution of relative variation of the average soil erosion in the best-scenarios (Eta/HadGEM2-ES x Low Carbon) for (a) 2020, (b) 2035, and (c) 2050, and the worst scenarios (Eta/MIROC5 x Reference) for (d) 2020, (e) 2035, and (f) 2050, representing short-, medium-, and long-term periods, respectively. 
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Table 1. Soil erodibility values for the soils found in the UPB.
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	World Reference Base for Soil Classification
	K-Factor

(t h MJ−1 mm−1)
	Source





	Acrisols
	0.0228–0.0466
	[33]



	Cambisols
	0.0254–0.0441
	[33]



	Chernozems
	0.0309
	[34]



	Podzols
	0.3267
	[33]



	Gleysols
	0.0044
	[33]



	Ferralsols
	0.0061–0.0263
	[33]



	Leptosols
	0.0196
	[35]



	Arenosols
	0.1448
	[33]



	Regosols
	0.1238
	[36]



	Nitisols
	0.0081–0.0355
	[33]



	Histosols
	0.0317
	[33]



	Planosols
	0.0317
	[33]



	Plinthosols
	0.017
	[37]



	Vertisols
	0.04
	[34]
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Table 2. Combination of different R- and C-factors to estimate soil erosion under climate and land use changes. Eta/HadGEM2-ES and Eta/MIROC5 are the Regional Climate Models (RCM) and RCP 4.5 and RCP 8.5 are the two Representative Concentration Pathways (RCP) scenarios.
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SOIL LOSS SIMULATION BASELINE






	
Eta/HadGEM2-ES

x

Reference

	
Eta/MIROC5

x

Reference




	
R-factor: 1961–2005

C-factor: 2012

	
R-factor: 1961–2005

C-factor: 2012




	
SOIL LOSS PROJECTED SCENARIOS




	
Eta/HadGEM2-ES

(RCP 4.5)

x

Reference

	
Eta/MIROC5

(RCP 4.5)

x

Reference




	
R-factor: 2007–2040

C-factor: 2020

	
R-factor: 2007–2040

C-factor: 2020




	
R-factor: 2007–2040

C-factor: 2035

	
R-factor: 2007–2040

C-factor: 2035




	
R-factor: 2041–2070

C-factor: 2050

	
R-factor: 2041–2070

C-factor: 2050




	
Eta/HadGEM2-ES

(RCP 8.5)

x

Reference

	
Eta/MIROC5

(RCP 8.5)

x

Reference




	
R-factor: 2007–2040

C-factor: 2020

	
R-factor: 2007–2040

C-factor: 2020




	
R-factor: 2007–2040

C-factor: 2035

	
R-factor: 2007–2040

C-factor: 2035




	
R-factor: 2041–2070

C-factor: 2050

	
R-factor: 2041–2070

C-factor: 2050




	
Eta/HadGEM2-ES

(RCP 4.5)

x

Low Carbon

	
Eta/MIROC5

(RCP 4.5)

x

Low Carbon




	
R-factor: 2007–2040

C-factor: 2020

	
R-factor: 2007–2040

C-factor: 2020




	
R-factor: 2007–2040

C-factor: 2035

	
R-factor: 2007–2040

C-factor: 2035




	
R-factor: 2041–2070

C-factor: 2050

	
R-factor: 2041–2070

C-factor: 2050




	
Eta/HadGEM2-ES

(RCP 8.5)

x

Low Carbon

	
Eta/MIROC5

(RCP 8.5)

x

Low Carbon




	
R-factor: 2007–2040

C-factor: 2020

	
R-factor: 2007–2040

C-factor: 2020




	
R-factor: 2007–2040

C-factor: 2035

	
R-factor: 2007–2040

C-factor: 2035




	
R-factor: 2041–2070

C-factor: 2050

	
R-factor: 2041–2070

C-factor: 2050
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Table 3. The lowest and highest average of R-factor for the UPB basin.
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Scenarios

	
Baseline

	
Projected (MJ mm ha−1 h−1 yr−1)






	
Eta/HadGEM2-ES

	
1961–2005

	
Lowest

	
Highest




	
RCP 4.5 (2007–2040)

	
RCP 4.5 (2041–2070)




	
8116 ± 1229

	
6906 ± 1066

	
7453 ± 1078




	
Eta/MIROC5

	
1961–2005

	
Lowest

	
Highest




	
RCP 8.5 (2007–2040)

	
RCP 4.5 (2041–2070)




	
8470 ± 1129

	
7622 ± 1134

	
8279 ± 1268











[image: Table] 





Table 4. Soil loss estimates (t ha−1 yr−1) in the best scenarios (a) and the worst scenarios (b) for short-, medium-, and long-term periods.
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Scenarios

	
2020

	
2035

	
2050






	
a) Eta/HadGEM2-ES

x

Low Carbon

	
RCP 4.5 (2007–2040)

	
RCP 4.5 (2007–2040)

	
RCP 8.5 (2041–2070)




	
16.02 ± 54.02

	
16.86 ± 56.43

	
18.25 ± 60.58




	
b) Eta/MIROC5

x

Reference

	
RCP 4.5 (2007–2040)

	
RCP 4.5 (2007–2040)

	
RCP 4.5 (2041–2070)




	
18.83 ± 61.73

	
19.89 ± 65.63

	
20.81 ± 67.87
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